Higgs exclusion and the H — > WW* — >■ Ivcj semi-leptonic channel at the Tevatron 
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We study the Higgs boson decay to W + W~ , where one boson decays to leptons, and the other 
decays to c+jet at Tevatron. Given the current charm tagging acceptances, this channel can help 
improve and confirm the current combined Tevatron exclusion limit on a standard model-like Higgs 
boson. If charm acceptance can be improved to at least 24%, this channel could provide the second 
tightest limits on a Higgs boson mass between 140-190 GeV from a single channel measurement. 



PACS numbers: 14.80.Bn, 13.85.Qk, 13.38.-b, 13.85.Ni 



I. INTRODUCTION 

As data collection concludes at the Fermilab Tevatron, 
the CDF and D0 experiments are combining their results 
to place strong constraints on the existence of a standard 
model-like Higgs boson The strongest constraints 
come from the search for H — > WW —> l + l~vv 
setting preliminary Tevatron mass exclusion limit of 156- 
177 GeV [J 0, H|. Several other modes have also been 
measured in order to contribute to this limit 0, Q , but 
have significantly less reach. In this paper we propose 
that the Tevatron experiments add the channel H — > 
Ivcj to the final combination limit. We first proposed 
in Ref. [9] H — > Ivcj for analysis at the CERN Large 
Hadron Collider (LHC) as a useful addition to the Higgs 
search, as well as a motivation to improve charm tagging. 
In this paper, we demonstrate this channel already has 
comparable reach at the Tevatron to several of the other 
channels measured for the combined analysis, and, with 
a little work, could be the second most powerful channel 
in the 140-190 GeV region. 

While impressive limits on the Higgs mass have been 
set using the H — > WW — > l + l~vv channel, a search 
for the Higgs in the H — > Ivcj final state has a number 
of important attributes. Foremost, the H — ¥ Ivcj final 
state can be fully reconstructed to provide a Higgs mass 
peak. The dilepton plus missing energy Ifi? search relies 
on fitting derivative shapes, such at the transverse mass 
of the dilepton pair M". Second, while the absolute size 
of the backgrounds is higher, we show in Sec. Mil the 
signal to background ratio (S/B) for H — > Ivcj is a factor 
of 2-4 better than for the H -> l + l~$ T case. Third, H -> 
Ivcj is sensitive to an independent set of backgrounds, 
providing a robustness check on the Higgs mass limits. 
This may be important, as recent loosening of cuts in 
the existing Tevatron analyses [l| may have reopened a 
sensitivity to the background due to heavy-quark decays 



into isolated leptons [To| . 

A final advantage of the H — > Ivcj channel over the 
dilepton+$T channel is the ability to make use of addi- 
tional angular correlations in the final state. The key 
ingredient to reducing both WW @5| and QCD 
backgrounds in dilepton+^T comes about because in a 
spin-0 Higgs boson decay to WW, the spins of the W 
bosons are anti-aligned. The pure V — A structure of W 
boson decay causes a strong enhancement of the cross 
section when the charged leptons are aligned. There is 
also an enhanced probability that the neutrinos align, as 
seen in Fig.[TJ but this information is lost as the neutrinos 
are unobservable. 
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FIG. 1: Angular correlation between leptons in (left) H — > 
W~W + ->■ rvl+v and (right) H -s> W~W + -> l~vcj due to 
the anti-alignment of W boson spins in Higgs boson decay. 

In Ref. @ we demonstrated that charm tagging can 
be used to uniquely identify the correlations between all 
particles in the final state. In Fig. [1] we see one of the neu- 
trinos of the H — > l + l~vv channel is replaced by a charm 
quark. This allows us to make use of both a strong cor- 
relation between the charged lepton and the light-quark 
jet, and between the charmed jet and the neutrino in the 
event. Despite the fact that the neutrino appears as miss- 
ing energy, we examine cases where it comes from an on- 
shell W decay, and can reconstruct its four-momentum 
up to a two-fold ambiguity in rapidity. 

We have motivated the H — > Ivcj channel as comple- 
mentary to dileptons+^r- In Sec. |TT] we focus on our 
simulation of the Ivcj signal and backgrounds. There we 
stress the equivalence of our both our modeling of charm 
tagging and jet energy corrections to existing Tevatron 
algorithms. We also describe a parametrization of the 
tagging efficiencies and fake rates we use to predict what 
benefits could be derived from an increase in charm ac- 
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ceptance. In Sec. IIIII we optimize our cuts in three re- 
gions, corresponding to whether the W bosons are off- 
shell, nearly on-shell, or on-shell, and present the Higgs 
mass reach. We conclude in Sec. IIVI by placing our pre- 
dictions for Higgs mass reach as a function of different 
charm tagging efficiencies in the context of existing mea- 
surements from the Fermilab Tevatron. 



II. JET ENERGY SCALE CORRECTIONS, 
CHARM TAGGING, AND OTHER SIMULATION 
DETAILS 
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Our simulation of signals and backgrounds closely fol- 
lows our analysis of H — > Ivcj at the LHC [9], with 
a few improvements for jet energy scales. In order to 
retain all angular correlations, we generate events at a 
\fs = 1.96 TeV pp collider using MadEvent 4.4 (ill and 
CTEQ6L1 parton distribution functions (PDFs) We 
shower the events with PYTHIA 6.4 [H[ and use the PGS 
4 [3] detector simulation to reconstruct leptons and jets. 
Angular correlations in the Higgs signal tend to force the 
lepton and leading non-tagged jet to be close in phase 
space. Hence, we reconstruct jets using the PGS jet cone 
algorithm with a cone size of 0.4. Missing transverse 
energy I^t is reconstructed from the calorimeter and cor- 
rected for muons. Charm tagging efficiencies and fake 
rates in PGS are replaced with the ones described below. 

In accordance with the experimental analyses, soft jets 
reconstructed by PGS require large jet energy scale (JES) 
corrections. The same angular corrections that lead to 
soft leptons in H — > 1 + 1~$Jt studies, lead to soft jets in 
our study. Hence, to correct for underestimated gauge 
and Higgs boson masses in our analysis we calculate a 
jet energy scale correction as a function of the transverse 
energy Et of the jet. 

We derive the JES correction by fitting the shift in 
the energy between the leading parton generated by 
Zj — > e + e~j in MadEvent and the leading jet recon- 
structed by PGS using a cone size of 0.4. In Fig. [2] we 
show the data for this extracted jet energy correction 
with statistical errors, and the best fit curve to this data. 
The correction is large for low energy jets, and is numer- 
ically almost identical to the CDF jet energy correction 
[l5j |. We confirm that by applying our JES correction, 
the Higgs, W, and Z gauge boson mass peaks are recon- 
structed to their correct central values. After we apply 
the JES correction to the raw PGS output, the following 
acceptance cuts are used to define jets and leptons: 

E T > 20 GeV, 1^1 < 2.0; p l T > 20 GeV, \r]i\ < 2.0 . 

In contrast to the main dilcpton+^T studies, we allow 
an additional jet to be in the event — consistent with 
the effects of next-to-leading order (NLO) radiation. We 
normalize our cross sections to the NLO cross sections 
obtained after acceptance cuts applied in MCFM 5.8 [l6[ 
using CTEQ 6.5 PDFs [l7j]. Effective JT-factors after cuts 
are shown in Table HI 



FIG. 2: Jet energy scale correction as a function of the jet 
transverse energy Exj- 



TABLE I: Next-to-leading order Tf-factors (after acceptance 
cuts) for the signal and backgrounds. 



Signal Wcj 


WW 


tt Wbj 


t(s)-chan. 


Wcc 


Wbb 


Wjj 








single top 








2.19 1.39 


1.32 


1.2 1.59 


0.96(1.52) 


1.59 


1.59 


1.39 



The key to the measurement of the Higgs boson in the 
H —> Ivcj channel is charm tagging. More specifically, 
the key is charm acceptance, as the dominant background 
will turn out to be direct Wcj production. Hence, we 
explore several possible tagging and fake rate efficiencies 
in order to map out the possible spectrum of results. 

We model the transverse energy Et dependence of the 
tagging efficiencies utilizing existing impact parameter b- 
tagging algorithms based on Tevatron Run I codes [lH 
(as appear in PGS 3.2 and earlier), and Run II (as appear 
in PGS 4) [14|. Our main results use rescaled Run I-like 
charm and bottom tagging efficiencies of the form 



k r x 0.2tanh 



E Tj 



42.08 GeV 



6b = mm 



1.0, fcfc x 0.6tanh 



E Tb 



36.05 GeV 



(2) 



where k c = 1, kb = 1 correspond to current tagging ef- 
ficiencies. This heavy-flavor tagging algorithm is pre- 
dominantly a fit to distributions of events in impact pa- 
rameter vs. track invariant mass (l9| . and has room for 
improvements to acceptance by varying the reconstruc- 
tion cuts. We scale kb — (k c + 3)/4 to model overall 
increases in heavy flavor acceptance. Eventually, 100% 
of b jets will be retained as background, but this is an ad- 
vantage, as we will want to veto events with two heavy- 
flavor tags. We also assume a constant light jet fake rate 
ej = 1% x lO^ -4 )/ 5 . The default choices here are con- 
sistent with the CDF Run II measurement of Wc pol ]. 
whose kinematics are similar to ours. 

As in Ref. [9], we have reproduced all results using a 
Run Il-like algorithm from PGS 4. The E T depen- 
dence of the charm tagging efficiencies for e\ and e\ are 



3 



shown in Fig. [3] Despite the different Et dependence, 
we find exactly the same significances after cuts. Over 
the kinematic range of the signal charm jets, the charm 
acceptance is currently ~ 12% for both algorithms; and 
so we present the full details using e\. It is likely that 
modern neural network based tagging algorithms could 
improve both the acceptance and purity of the charm 
signal; but we stress again, that the acceptance is the 
key to this analysis. In Sec. [TTT] we provide a complete 
list of backgrounds, and our predictions can be trivially 
rescaled to the final results. 
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FIG. 3: Charm tagging efficiency curves and characteristic 
charm jet energy, Et c , from H —>■ WW —>■ Ivcj decay, cl(cc) 
are existing Tevatron Run I(II)-like algorithms. 



III. ANALYSIS AND MASS REACH FOR 
H ->■ Ivcj AT THE TEVATRON 

The initial sample for this analysis contains exactly 
one isolated lepton (electron or muon), two or three jets 
with exactly one charm tag, and missing transverse en- 
ergy^ > 15 GeV. The standard model backgrounds for 
the Icj +$t final state include Wcj, Wbj, Wjj, Wcc, 
Wbb, W + W~, t- and s-channel single top, and ti. By 
restricting the number of jets to two or three, we reduce 
significantly the ti background. Charm tagging substan- 
tially reduces the Wjj background, leaving Wcj as the 
most important background at most levels of cuts. 

Unlike at the LHC, where the Wcj is the overwhelm- 
ing dominant background for any charm acceptance, the 
Wbb, Wbj, and Wcc backgrounds are important at the 
current low charm-tagging efficiency. Hence, S/B of this 
channel at the Tevatron in is not as independent of the 
charm tagging efficiency as that at the LHC. This is ev- 
ident in Fig. 21 where we show the number of events ex- 
pected for the signal and each background as a function 
of k c . Nevertheless, the direct Wcj background scales 
with the signal, and so our analysis concentrates mostly 
on reducing its effects. 

We optimize our cuts in the three different Higgs mass 
regions m H < 160 GeV, 160 < m H < 170 GeV, and 
m-H > 170 GeV. For each of these regions the sequence 




FIG. 4: Number of events in 10 fb" 1 at a 1.96 TeV Tevatron 
for the H — > Ivcj signal (solid), and backgrounds from pro- 
cesses with charm jets (dashed), bottom jets (dotted), and 
light jets (dot-dashed). 



of cuts is similar, however the strengths of the cuts are 
slightly different so as to emphasize the optimal reach 
at itih — 150 GeV and run = 180 GeV — outside the 
current Tevatron limits. To compare the Tevatron reach 
in the H — > Icj +]pT channel with the dilepton and other 
measured channels, we also optimize a search for mg = 
165 GeV. 

As Wcj is the most problematic background, we tune 
most cuts to reduce its contribution. In the region 
itlh < 160 GeV we optimize our cuts for rnu = 150 GeV, 
which are shown in Tab. [II] To be concrete, all numbers 
are presented for k c = 4, but we present results for all 
charm tagging efficiencies below. In this region, at least 
one of the W gauge bosons is off-shell, and the signal is 
typically softer than in the higher mass regions. There- 
fore, we can impose tight cuts on the upper bounds of fx, 
the charm jet transverse energy Et c , and lepton trans- 
verse momentum pti ■ These three cuts reduce the Wjj 
oriented backgrounds by a factor of 3, and nearly elimi- 
nate ti. 

The backgrounds that are independent of charm tag- 
ging — Wbb, Wbj, ti, and single top — can be reduced 
significantly by using the angular correlations between 
the final state particles. The simplest angular cuts, are 
those similar to that of A<pu in the leptonic channel, 
where we cut on cos 8 ji the angle between the lepton I 
and leading non-tagged jet j in the lab frame. In ad- 
dition, we know that the directions of the neutrino and 
c-jet are correlated. Therefore we can also make a cut 
cos^cy. In the low Higgs mass region, off-shell W bosons 
have weak angular correlations between the jets and lep- 
tons. Hence, we make weaker cuts on these angles and 
on the invariant mass of the jet charm system than for 
heavier Higgs masses. 

In order to reconstruct a Higgs mass peak, we recon- 
struct the neutrino four-momentum p v by fitting the lep- 
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TABLE II: Number of signal (H - 


-> Ivcj) and background event 


s per 


lu ID or data tor vnu 


= 150 GeV with k c 


— A 


Cuts 


Signal 


Wcj 


WW 


tt 


Wbj 


Single top 


Wcc 


Wbb 


Wjj 


1 I, 2 or 3 jets w/ 1 c tag 


12 


1434 


162 


31 


252 


461 


442 


334 


816 


15 GoV < $ T < 50 GoV 


11 


1134 


104 


8.5 


189 


258 


314 


235 


464 


E T a < 65 GcV 


9.6 


716 


67 


3.5 


132 


113 


209 


160 


150 


Pti < 60 GoV 


8.0 


354 


39 


1.8 


75 


57 


118 


88 


76 


cosflji > -0.2 


5.9 


185 


19 


0.9 


44 


33 


67 


4!) 


43 


cos0 c „ > -0.8 


5.7 


172 


17 


0.8 


40 


30 


60 


44 


40 


Mj c < 100 GoV 


5.4 


148 


17 


0.5 


33 


20 


52 


40 


32 


120 GoV < M lvaj < 200 GeV 


5.3 


144 


17 


0.5 


32 


19 


50 


39 


31 



ton and-^T to an on-shell W boson mass. We take the 
smallest absolute rapidity \r) v \ solution to complete the 
fit. We finish the low-mass Higgs search by placing a cut 
on the Mi,y C j invariant mass. 

In the region win > 160 GeV both W gauge bosons are 
on-shell. This condition lends itself to slightly different 
optimizations, as the objects in the final state have more 
energy on average. In the region 160 < run < 170 GeV, 
shown in Tab. IIII1 we loosen the upper cut on the 
However, the on-shell condition strengthens the angular 
correlations. We use this to tighten cuts on cos 8 ji and 
cos CV . 

In addition to the low-mass cuts used in Tab. HH once 
we are above WW threshold, the leading non-tagged jet 
j and the c-jet have a large opening angle, which allows 
us to impose a cut on cos6j c . We also impose a weak 
W mass reconstruction cut on Mj c . After Higgs mass 
reconstruction, the signal to background ratio S/B ~ 
1/18 for the 165 GeV Higgs boson of in Tab. HEH where 
k c = 4. The S/B is 1/40 with current charm acceptance 
(k c — 1), and is a factor of 2 better than the 0-jet dilepton 
channel @. 

For masses above 170 GeV, we optimize the cuts for 
mil — 180 GeV. As the objects in the events become 
harder, we loosen the upper limit on^?x, £tcj and pti- 
However, we again compensate by tightening the cuts 
on the angular correlations. The results are shown in 
Tab. HVl 

In Tabs. HTMlVI we present the detailed effects of cuts 
level- by- level for 150, 165, and 180 GeV Higgs bosons, 
and assuming one experiment that collects 10 fb _1 of in- 
tegrated luminosity. The CDF and D0 experiments have 
made a strong effort to combine their Higgs mass-limit 
analyses in order to improve their reach. In Fig. [5j we 
scan masses from 140-190 GeV, and compare the 95% 
exclusion reach of the H — > WW — > Ivcj channel us- 
ing 8.6 fb _1 per experiment to the current preliminary 
combined Tevatron limits We demonstrate the im- 
portance of the charm acceptance, by presenting sepa- 
rate curves for current charm tagging acceptance k c = 1 
through a best case acceptance of ~ 48% (k c = 4). This 
channel alone can already reach 8.7 times the standard 
model cross section at 165 GeV current charm tagging, 
and could reach 3.2 times the standard model cross sec- 
tion if k c = 4. 
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FIG. 5: Expected 95% confidence level (C.L.) exclusion limit 
on the ratio of the cross-section to that of the standard model 
(SM) for various charm tagging efficiencies vs. Higgs mass. 
Also shown is the preliminary combined CDF and D0 analysis 
including all channels at the Tevatron [J. 



IV. CONCLUSIONS 

A search for the Higgs boson in the channel H — > Ivcj 
could provide significant additional information to the 
Fermilab Tevatron Higgs mass exclusion limits. While 
this channel cannot compete with dileptons-K^T in ab- 
solute rate, it has several strengths in combination with 
other measurements. The strongest features are that the 
Higgs mass is completely reconstructable, and the signal 
to background S/B is roughly a factor of 2-3.5 better 
than dileptons+^T @- 

To emphasize the complementary nature of this chan- 
nel, we compare H — > Ivcj to several other channels al- 
ready studied at the Tevatron. While H —> IcjlpT is only 
sensitive to about 9 times the standard model cross sec- 
tion at current charm acceptances, this is better than 
several channels in the combined fits. Recent measure- 
ments of H — » ZZ — > l + l~l + l~ and ttH are sensitive 
only to cross sections 40-60 times the standard model 
cross section 0, H[- In Fig. [6l we show the 95% confi- 
dence level exclusion limits from several measurements 
[H, . If charm tagging acceptance could be improved a 
factor of 2 (e c ~ 24%), H —> Icjftx would have compara- 
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TABLE III: Number of signal (H — > Ivcj) and background events per 10 fb 1 of data for itlh = 165 GeV with k c — 4. 



Cuts 


Sign. 3.1 


W ft 
VV CJ 


WW 


f [ 


VV OJ 


Single top 


Wcc 


Wbb 


W 33 


1 I, 2 or 3 jets w/ 1 c tag 


16 


1434 


162 


31 


252 


461 


442 


334 


816 


15 GoV <E T < 55 GcV 


15 


1209 


110 


11 


193 


330 


579 


218 


520 


E T a < 65 GcV 


13 


721 


84 


4.9 


144 


165 


410 


160 


157 


Pti < 60 GoV 


11 


361 


51 


2.5 


83 


92 


232 


86 


78 


cos 6 ji > —0.3 


6.1 


108 


14 


0.8 


30 


32 


72 


29 


25 


cos0 c „ > -0.6 


5.6 


86 


10 


0.5 


23 


23 


49 


22 


18 


cosSjc < 0.8 


5.2 


68 


8.2 


0.3 


19 


14 


41 


19 


14 


50 < Mjc < 100 GoV 


4.3 


35 


5.3 


0.1 


9.4 


5.6 


16 


8.4 


7.3 


135 GeV < M lvcj < 195 GeV 


4.1 


33 


5.3 


8.6 


4.4 


0.9 


14 


8.2 


6.9 



TABLE IV: Number of signal (H - 


+ Ivcj) 


and backg 


ground events per 


10 fb" 1 of data for 


m H = 180 GeV with k c 


= 4. 


Cuts 


Signal 


Wcj 


WW 


ti 


Wbj 


Single top 


Wcc 


Wbb 


Wjj 


1 I, 2 or 3 jets w/ 1 c tag 


14 


1434 


162 


31 


252 


461 


442 


334 


816 


15 GeV < $ T < 70 GoV 


14 


1351 


140 


15 


235 


408 


399 


298 


638 


E Ta < 80 GcV 


12 


969 


105 


8.9 


191 


261 


310 


234 


298 


Pti < 75 GeV 


11 


710 


81 


6.1 


139 


203 


232 


173 


204 


cos 8 ji > —0.3 


8.4 


410 


45 


3.5 


92 


143 


142 


107 


125 


cos0 c „ > -0.4 


7.2 


296 


28 


2.4 


63 


96 


92 


71 


77 


cosSjc < 0.8 


6.8 


201 


24 


2.2 


58 


80 


67 


54 


68 


50 < M jc < 100 GoV 


5.8 


158 


21 


1.0 


35 


40 


34 


30 


39 


150 GeV < M lvaj < 210 GeV 


4.9 


118 


16 


0.6 


25 


28 


23 


22 


29 



ble reach to WH — > WWW, currently the second most 
powerful individual channel. 

As data taking at the Fermilab Tevatron comes to a 
close, the CDF and D0 Collaborations will work to pro- 
duce strong combined limits on a standard model-like 
Higgs boson mass. For these final searches, we recom- 
mend adding the channel H — > Ivcj to the list of measure- 
ments used in the combinations. Not only is this channel 
interesting by itself, but its sensitivity to completely in- 
dependent backgrounds will enhance the robustness of 



the limits. 
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H^WW^l-l + $ T (Ojet) 



FIG. 6: Comparison of Higgs mass limit reach in — > cj'^t 
to limits already extracted at the Fermilab Tevatron, for 
m H = 165 GeV. 



